20% FCS interiorize HRP at a linear rate of 56 ng HRP/h/100 hg cell protein, during a 2 h exposure to the marker enzyme . Thioglycollate-stimulated macrophages, maintained in 20% FCS for 24 h, pinocytize HRP at a rate approximately three times greater than the rate of resident peritoneal macrophages (Fig . 1) . Endotoxin-stimulated cells, similarly cultivated, show a pinocytic rate somewhat greater than control cells, but considerably lower than that of thioglycollate-stimulated cells . The accumulation of cell-associated HRP is linear with time, over 2 h, for each of the three cell types, and is reduced to background levels when the cells are kept on ice (Table I) . Binding of HRP to the dish itself is negligible under these conditions .
Endogenous Peroxidatic Activity in Thioglycollate Macrophages . Although it is firmly established that resident mouse peritoneal macrophages, unlike their precursor cells, have no demonstrable peroxidase (18) , it was necessary to examine the possibility that some endogenous activity was present in stimulated cells. Thioglycollate cells, maintained in culture for 48 h, were therefore lysed in Triton X-100, and the lysate was assayed for peroxidatic activity using o-dianisidine as the substrate, in the presence ofhydrogen peroxide . The equivalent of 1 .8 ng of HRP activity could be detected per 100 wg of cell lysate . No effort was made to determine the dependence of this activity on the presence of hydrogen peroxide, or to characterize it any further .
Cytochemistry of Macrophages Exposed to HRP. Cultivated macrophages, exposed to HRP for 5 min to 1 h, were examined by light and electron microscopy, after being reacted with diaminobenzidine in order to locate the peroxidase which had become associated with the cells. This method yields semiquantitative data on the number and staining intensity of the organelles in the vacuolar apparatus. As shown in Fig. 2 , both unstimulated and thioglycollate-stimulated cells were well spread with extensive ruffled membranes and considerable numbers of phase-dense cytoplasmic granules, presumably lysosomes . The most striking difference between the two cell varieties is the presence of conspicuous phase-lucent lakes in the cytoplasm of the thioglycollate-stimulated cells. Thioglycollate cells are also somewhat larger than the unstimulated cells, with thin membrane ruffles more generally distributed over the entire cell periphery, rather than being accumulated in only a few locations, as they are on unstimulated cells .
Under bright-field examination of thioglycollate-stimulated and unstimulated cells, each exposed for 20 min to 1 mg/ml HRP in 199-20% FCS, there is considerably more reaction product in the thioglycollate cells. The thioglycollate cells are more reactive both as a population, and on an individual cell basis . Nearly all the thioglycollate cells stained positively for HRP, while only about half of the unstimulated cells gave a visible reaction with diaminobenzidine . Both populations showed a wide range of individual cell reactivities, but the most strongly reactive cells in the thioglycollate population were considerably more positive than any ofthe unstimulated cells. As shown in Table II , less than 10% of the unstimulated cells were moderately stained with diaminobenzidine and about 1% stained intensely. The vast majority of cells stained only weakly, if at all, after a brief exposure to HRP. However, nearly every thioglycollate cell could be readily stained under these conditions, and about 20% of the cells were intensely stained with reaction product. Examination of thin sections of cells exposed to HRP and then stained with diaminobenzidine ( Fig . 3) , showed that the reaction product was confined to membrane-bound cytoplasmic vesicles and granules . The cell shown has a large membrane-bound cytoplasmic inclusion containing moderately electron-dense amorphous material . This inclusion may correspond to the phase-lucent lakes seen by light microscopy in thioglycollate cells, and may contain agar or other poorly digestible particulate material present in the thioglycollate medium .
Effect of In Vitro Cultivation on Pinocytic Rate . Thioglycollate-stimulated, endotoxin-stimulated, and unstimulated peritoneal macrophages were cultivated in 20% FCS-supplemented medium for up to 72 h. As shown in Fig . 4 , the qualitative differences among the three groups persisted in culture. Although there was some increase in Pndocytic rate with cultivation, at least for the thioglycollate-stimulated cells, the effect is not major, nor does it affect the qualitative differences among the three cell groups .
Components of Thioglycollate Medium Responsible for Pinocytic Stimulation . As Brewer's medium is a mixture of several ingredients (3) we injected some of its components separately into the peritoneal cavities of mice and assayed the pinocytic activity of the resulting exudate cells 4 days later. The assays were carried out after the cells had been kept in culture for 48 h .
As summarized in Table III , proteose-peptone, in the concentration used in Brewer's medium (1%), agar, or a combination of the two materials, caused only a modest rise in the yield of peritoneal cells. Proteose-peptone in higher concentration (10%) improved the yield somewhat . Endotoxin alone or in combination with latex also caused little if any increase in peritoneal cell yield. Latex alone was slightly more effective. None of the agents tested approached the effectiveness of complete thioglycollate medium .
Proteose-peptone at either concentration, agar, agar plus proteose-peptone, or Table IV summarizes, the initial response to thioglycollate is primarily an increase in the number of neutrophils in the peritoneal cavity . This response, however, is limited to the first 72 h after injection, and no neutrophils were recovered on the. 4th day . There is a moderate increase in the number of peritoneal monocytes and macrophages on the 2nd and 3rd days, but the main mononuclear response occurs on the 4th day, when the total number of cells recovered is tripled, and the number of macrophages increases nine times . It is also interesting that a small number of eosinophils were seen on the 4th day after injection .
The pinocytic rate generally mirrored the pace of mononuclear accumulation (Table V) . It was unchanged, as compared with control values, on the 1st day, but showed some increase on the 2nd day, to levels similar to those seen after the injection of endotoxin . The high pinocytic rate characteristic of thioglycollatestimulated cells developed on the 3rd day and persisted for the next 24 h .
Effect of Concanavalin A (Con A) on the Pinocytic Rate of ThioglycollateStimulated Macrophages . Con A, a protein isolated from the jack bean (Canavalia ensiformis), and able to bind glucopyranoside and mannopyranoside residues, can stimulate the pinocytic rate of resident peritoneal macrophages about threefold (6) . We therefore exposed thioglycollate-stimulated macrophages to Con A (100 p,g/ml) in 199-20% FCS for periods of up to 2 h . As Fig . 5 shows, the pinocytic rate of these cells, while they were exposed to Con A, was increased about 3-fold as compared with untreated cells, and nearly 10- with the rate of resident peritoneal cells. This stimulated rate was reduced to background levels when the cells were incubated on ice, instead of 37°C . The levels of enzyme activity at 0°C were somewhat higher in the presence of Con A (104 t-kg after 2 h) than the comparable value without Con A (11.3 gg), but in neither case do these values represent a significant fraction of the HRP actually endocytized by the cells under the two conditions.
Calculation ofPinocytic Rates per Cell. All results were normalized for the variable dish contents of cell protein . As stimulated macrophages may have more protein per cell than unstimulated cells (2) , it seemed useful to recalculate our results on a per cell basis. In order to do this, we estimated the protein content of a known number of purified macrophages of various types.
Unstimulated cells, or cells obtained after endotoxin or thioglycollate injection were cultivated for 24 h in 20% FCS . We then thoroughly washed the dishes to remove nonadherent cells, and scraped the cells from the dishes into a known volume of buffered saline . We counted the suspended cells in a hemocytometer, and assayed the protein content of a second portion of the same suspension . As shown in Table VI 
Discussion
This report establishes that thioglycollate-stimulated macrophages display a pinocytic rate of 190 ng HRP/100 /ig cell protein/h, a rate several times greater than that of resident peritoneal cells (which is 56 ng HRP/100 F.cg cell protein/h) . This stimulated rate appears 3 days after the intraperitoneal injection of thioglycollate medium, and is increased somewhat by cultivating the cells in tissue culture medium supplemented with 20% FCS . Other agents injected intraperitoneally, including proteose-peptone, agar, or endotoxin, produce cells with a pinocytic rate higher than that of unstimulated cells, but considerably lower than the rate of thioglycollate-stimulated cells. However, the addition oflatex to endotoxin leads to a considerable increase in the pinocytic rate, although it is still lower than the thioglycollate rate .
HRP has been previously validated for use in measuring the pinocytic rate of resident peritoneal cells (13) . It is taken up by these cells in small electronlucent vesicles by a process which is temperature and time dependent . There is FIG. 3 . Electron micrograph of a thioglycollate-stimulated macrophage exposed to HRP (1 mg/ml) for 20 min, and stained with diaminobenzidine . Note black reaction product enclosed in membrane-bounded vesicles or smaller dense granules . There is a large membrane-bounded cytoplasmic vesicle (V) containing amorphous material, which may correspond to the phase-lucent cytoplasmic lakes evident in Figs. 2 a and e. Unstained section, original magnification 11,050 . no endogenous peroxidatic background in these cells (18) , and insignificant amounts of the enzyme remain extracellular, or are interiorized after adsorption to the plasma membrane . Finally, the intracellular half-life of the enzyme, 8-10 h, is long enough to make the total accumulated enzyme, over 1-2 h, a good approximation for the total amount of enzyme interiorized over the same period .
HRP may also be used to measure the pinocytic rate of stimulated macrophages . There is little, if any, endogenous peroxidatic activity in these cells, and the HRP is taken up by a temperature-sensitive process with a constant rate of accumulation for up to 2 h . Extracellular accumulation of enzyme is negligible and the enzyme is distributed in the cells in membrane-bounded cytoplasmic vesicles, consistent with its interiorization by pinocytosis . We have not studied the rate of degradation of HRP in stimulated cells. If HRP is metabolised more rapidly by stimulated than by unstimulated macrophages, we are underestimating the pinocytic rate of the stimulated cells. Alternately, if the degradative rate were reduced to zero in stimulated cells, it could not account for the increase in pinocytic rate . Consequently, possible changes in rate of degradation of HRP cannot explain the qualitative differences between unstimulated and stimulated macrophages. Thioglycollate-stimulated cells are able to further increase their pinocytic rate in response to Con A, like unstimulated cells, and, in fact, show about a threefold increase in their pinocytic rate during exposure to Con A (100 gg/ml) . This rate persists over a 2 h exposure to the lectin, but rapidly reverts to unstimulated levels when the lectin is removed from the incubation medium (P. J. Edelson, unpublished observations) or cleared from the cell surface.
The measured pinocytic rate of thioglycollate-stimulated cells allows us to (20) found that the size of the rapidly exchangeable cholesterol pool of normal cells is 8 exchangeable cholesterol pool is a good reflection of the quantity of cell plasma membrane, and therefore ofcell surface area, then the surface area ofthioglycollate cells is about 1 .8 times that of unstimulated cells, or about 1,680 Wm 2 . If 123 .7 tLm2 is interiorized per cell per minute, this would represent 7.4% of the total cell surface area, so that under these assumptions an area equivalent to 100% of the cell membrane would be interiorized every 13.5 min .
In a similar way, we may calculate the fraction of cell volume interiorized per minute . For this calculation, we begin with the estimate of the vol of a normal macrophage of 435 Ikm3, also based on morphometric measurements .2 If we assume that the increase in cell protein of thioglycollate cells is an approximate measure of the increase in cell volume, we find that the vol of a thioglycollate cell is 707 Am3. The minute vol interiorized is 4.12 ILm3 per cell, or about 0 .58% of the cell volume per minute .
The fact that it takes several days after thioglycollate stimulation to recover a population of cells with increased pinocytic activity may be an important clue to understanding the mechanisms by which such cells develop . Any or all the components of the induced inflammation may be necessary for the final development of pinocytically stimulated cells, including a variety of locally generated inflammatory factors, such as complement components, vasoactive peptides, or components of the coagulation system, systemically circulating inflammatory agents, products of lymphoid cells, and components or products of the neutrophils which precede the mononuclear exudate in the peritoneal cavity. There may also be a direct effect of the injected material on macrophages or their precursors in the cavity . Whatever explanations are offered for the development of the final activated population it is clear that they will have to account for the considerable delay in the detection of such a population . In addition to the question of what mechanisms are responsible for pinocytic stimulation, there is also the issue of the source of the active cells. There are two alternatives . They may arise from cells already present in the peritoneal cavity before the introduction of the inflammatory stimulus, or the active cells may be predominantly derived from circulating precursors which enter the peritoneal cavity after, and perhaps as a result of, the inflammatory stimulus . These cells are then driven to become activated macrophages either directly, or through their progeny. Work by van Furth and Cohn (17) and by Volkman and Gowans (19) indicate on the basis of thymidine-labeling experiments that the bulk of the macrophages recovered in an inflammatory exudate originate from circulating monocytes which enter the focus after the inflammatory stimulus has been introduced. North (12) , however, has argued that resident peritoneal phagocytes are the origin of the majority of the exudate cells. This work relied on his ability to prelabel resident peritoneal cells with latex beads, and then identify activated cells with tritiated thymidine autoradiography. Since the large majority of labeled cells contained latex particles, North concluded that the inflammatory macrophages are primarily derived from a pre-existing resident peritoneal population . This experiment, however, is complicated by the fact that latex itself is an inflammatory stimulus so that it is not possible to assume that the only cells available to ingest the latex originally were resident peritoneal cells . Thus, the results do not necessarily conflict with the view that macrophages in an inflammatory exudate are generally not derived from the pre-existing resident peritoneal population .
It is also relevant to this question of the origin of the activated macrophages that Lin and Stewart (9) have recently identified a cell in thioglycollate-induced peritoneal exudates which can proliferate in culture and seems committed to the production of mononuclear phagocytes . Such cells may be the precursors of the activated macrophages present in peritoneal exudates, and it would be important to define the state of activation of the in vitro progeny of these cells.
It is important in all these considerations to be aware of the obvious heterogeneity of the exudate cells. Even if we focus only on the macrophages, it is clear, for example, from the cytochemical observation of these cells, that not all of them accumulate HRP at the same rate at all times. In resident populations, about 1% of the cells at any given time seem to be considerably more active pinocytically than the majority, while even among thioglycollate cells some cells seem considerably more active than others . We do not know whether each cell has its own characteristic pinocytic rate which it maintains continuously, or whether we are seeing a population effect, with individual cells varying their rates over time, but the fraction of cells at any given rate remaining relatively constant . It is clear that the pinocytic rate characteristic of the population as a whole is rather constant in culture, with little evidence that the overall rate may mature with time .
A further issue is the question of what determines the intrinsic pinocytic rate of a cell . This is really a matter of asking what characteristic of the thioglycollate cell is being reflected in its increased pinocytic rate . Although its surface area seems to be somewhat larger than that ofunstimulated cells, our estimates suggest that the pinocytic rate is increased out of proportion to the increased surface, and probably to the increased volume as well . Pinocytic rate could reflect an increase in some other cell characteristic, for example, levels of ATP or metabolic rate, or could be the result of a physical or chemical change in the plasma membrane itself.
The activated macrophage was initially defined by Mackaness as a cell capable, after specific immunologic stimulation, of developing a global antibacterial capacity not characteristic of the unstimulated cell (11). Blanden (2) subsequently summarized other properties characteristic of the activated peritoneal macrophage, including an accelerated rate of spreading on glass, and an increased complement of mitochondria and phase-dense vesicles, presumably lysosomes. In addition, he noted an increased number of phase-lucent cytoplasmic vesicles in these cells, which he interpreted to indicate an increased pinocytic rate . Stubbs et al . (15) have added to this list by examining some metabolic characteristics of macrophages from mice systemically infected with Listeria . These cells were found to oxidize glucose labeled with '4C in either the 1, 3, 4, or 6 positions, or uniformly labeled at essentially the same rate as unstimulated cells. However, after an exposure to polystyrene beads, the increase in glucose oxidation, either via the hexose monophosphate shunt, or the TCA cycle was considerably greater than that of the normal cells. This does not necessarily imply that the activated cells are intrinsically more labile metabolically than their normal counterparts, but could, at least in part, be due to an increase in the number of beads phagocytized by the activated cells as compared to the control cells. These workers did, in fact, find that the activated cells showed a greater rate and extent of phagocytosis of '4C-labeled mycobacteria, but detected no difference in their capacity for or rate of ingestion of labeled starch granules . It should be mentioned that in that report, no difference was detected between the protein contents of normal and activated cells. While this may be true for cells from Listeria-infected animals, it is not true of thioglycollate-or endotoxin-stimulated cells, and it is difficult to come to a firm conclusion on the issue as the results seem to represent measurements on mixed peritoneal cell populations, rather than estimates of the protein content of more purified macrophage populations.
Recently several new observations have been made which illustrate the . Our experiments in which endotoxin and latex were injected simultaneously suggest that the pinocytic rate may also respond synergistically to the two stimuli . This raises the possibility that such a synergistic effect may also be the basis for the special effectiveness of complete thioglycollate medium .
It is clear that a catalogue of distinctive objective markers of macrophage activation is being accumulated . Such a collection is essential to a formal examination of the mechanisms of macrophage activation, and to a complete physiologic and biochemical description of the activated cell . Received for publication 15 July 1975 . 
